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ABSTRACT
We present the results of hydrodynamic simulations examining migration and growth of plan-
ets embedded in self-gravitating circumbinary discs. The binary star parameters are chosen to
mimic those of the Kepler-16, -34 and -35 systems; the aim of this study is to examine the
role of disc mass in determining the stopping locations of migrating planets at the edge of the
cavity created by the central binary. Disc self-gravity can cause significant shrinkage of the
cavity for disc masses in excess of 5–10 × the minimum mass solar nebula model. Planets
forming early in the disc lifetime can migrate through the disc and stall at locations closer to
the central star than is normally the case for lower mass discs, resulting in closer agreement
between simulated and observed orbital architecture. The presence of a planet orbiting in the
cavity of a massive disc can prevent the cavity size from expanding to the size of a lower mass
disc. As the disc mass reduces over long time scales, this indicates that circumbinary planet
systems retain memory of their initial conditions. Our simulations produce planetary orbits
in good agreement with Kepler-16b without the need for self-gravity; Kepler-34 analogue
systems produce wide and highly eccentric cavities, and self-gravity improves the agreement
between simulations and data. Kepler-35b is more difficult to explain in detail due to it’s rela-
tively low mass, which results in the simulated stopping location being at a larger radius than
that observed.
Key words: accretion, accretion discs – binaries – planets and satellites: formation – planet-
disc interactions – hydrodynamics – methods: numerical
1 INTRODUCTION
With the current tally of Kepler circumbinary planets standing
at 11, (Kepler-16b1, Kepler-34b and Kepler-35b2, Kepler-38b3,
Kepler-47b,c4, and d5, Kepler-64b6, Kepler-413b7 , Kepler-453b8
and Kepler-1647b9), this class of object is one of the most interest-
ing outcomes of the now two decade old search for planets around
stars other than the Sun. They form part of an exoplanet catalogue
that contains planets with very diverse orbital and physical charac-
teristics orbiting within a broad variety of stellar systems.
Interest in circumbinary planets pre-dates their discovery, with
their theorised presence prompting a number of studies into their
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formation and dynamical evolution. One of the key findings from
this period, which has been validated by observations in recent
years, is the work of Holman & Wiegert (1999). They found a limit
for dynamical stability around short-period binaries. This critical
limit depends on the mass and orbital properties of the binary. The
majority of the Kepler circumbinary planets lie close to this limit
within their respective systems. It is assumed that this, as well as
the mutual co-planarity of the planet and binary orbital planes, is a
fingerprint of the planets in these systems having formed in a com-
mon circumbinary disc.
Two general scenarios of planet formation theory have been
used to try and explain the observed positions of the planets in these
systems. The first is that the planets formed in-situ from material
in close vicinity of the binary. In this case planet-forming material
must be brought together under the strong influence of the gravi-
tational field of the binary. Previous studies have shown numerous
disruptive effects to the goal of bringing planetesimals together in
a manner which results in mass-growth: N-body simulations show
excitation of planetesimal eccentricity leading to relative veloci-
ties disruptive to accretion and the formation of planetary bodies
c© 2017 The Authors
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Figure 1. Changed plot 2D surface density image contours from self-gravitating circumbinary disc simulations around the Kepler-16 system from Paper I.
These are all taken at a point when the disc has reached a pseudo-steady state. The panel on the left shows a typical low-mass (1 MMSN) self-gravitating disc
in this system. The middle shows a 10MMSN case, and the right panel shows the most massive 20MMSN model. Note the additional eccentric features in the
massive discs. The central eccentric cavity common to circumbinary discs can be seen around the binary in all three cases. The positions of the binary stars
are marked with the ‘x’ (primary) and ‘+’ (secondary) symbols.
(Paardekooper et al. 2012; Meschiari 2012a,b; Lines et al. 2014;
Bromley & Kenyon 2015); differential pericentre-alignment of ec-
centric planetesimals of different sizes leads to corrosive collisions
(Scholl et al. 2007); and gravitational interactions with asymmet-
ric features in the gas disc, and the global eccentric mode, lead-
ing to large impact velocities of planetesimals (Marzari et al. 2008;
Kley & Nelson 2010).
The second, and the focus of this series of papers, is that
the protoplanetary cores formed in the quiescent exterior of the
disc, where the disruptive influence of the binary is negligible,
and then moved inwards to their observed position through disc-
driven migration – either Type-I (Ward 1997; Tanaka et al. 2002)
or Type-II (Lin & Papaloizou 1986; Nelson et al. 2000). Whether
this period of migration and mass-growth occurs early or late in
the lifetime of these circumbinary discs is unclear. Whilst this sce-
nario solves the problems with in-situ formation we must now an-
swer how the migrating planets stop in the inner disc. Again, it
was prior to the discovery of the Kepler circumbinary planets that
this question was answered. The influence of the binary exerts a
tidal torque on the inner circumbinary disc which sweeps mate-
rial away from the binary, creating a central cavity that can act
as a barrier to migration. The radial extent of this cavity depends
on the mass and orbital properties of the binary, as well as disc
parameters (Artymowicz & Lubow 1994). More recent work has
shown that the interaction of the binary with this feature leads to
an asymmetric, eccentric, precessing disc (Pierens & Nelson 2013;
Pelupessy & Portegies Zwart 2013; Kley & Haghighipour 2014;
Mutter et al. 2017). The directly-imaged circumbinary disc in the
GG Tau system shows an inner cavity (Dutrey et al. 1994).
Paper I in this series, (Mutter et al. 2017), examined the im-
pact of disc self-gravity and disc mass on the evolution and struc-
ture of circumbinary discs in analogue Kepler-16, -34 and -35
systems. Self-gravity has already been examined in low-mass cir-
cumbinary discs (Marzari et al. 2009), where it was discounted
as an unimportant factor in the disc evolution. As pointed out in
Lines et al. (2015), even at low-mass, disc self-gravity can modify
the precession frequencies associated with low-frequency global
eccentricity modes (Papaloizou 2002). Disc masses ranging from
1 to 20×MMSN (where MMSN refers to the minimum mass solar
nebula(Hayashi 1981)) were examined in Paper I, where we con-
firmed these findings for low-mass discs. However we found for
more massive discs, corresponding to 10×MMSN and beyond, that
self-gravity can dramatically alter the evolution and structure of the
disc. In addition to the central eccentric cavity, a series of eccentric
modes were found to develop at larger orbital radii in all three of the
Kepler circumbinary systems simulated, arising from the tidal field
of the binary. Furthermore we see that the radial size of the cavity
decreases in more massive discs. Figure 1 shows the surface den-
sity profiles of discs in the Kepler-16 system, for three disc masses:
1, 10, and 20MMSN once they have reached a pseudo-steady-state
– i.e. the cavity size evolution has stopped and the eccentricity of
the disc oscillates around a constant value. In this paper we present
the results of simulations examining a number of migration and
accretion scenarios for planet cores, in the full-set of evolved self-
gravitating discs from Paper I, including the massive models which
show additional eccentric features. While the long term aim of our
work on circumbinary discs is to produce simulation outcomes that
fit the Kepler data, because of the relative simplicity of our disc
models in this study we set ourselves the less ambitious goal of ex-
amining how disc mass and self-gravity influence the final orbital
elements of planets that form and migrate in circumbinary discs.
The evolution of giant planets in evolved self-gravitating cir-
cumbinary discs has not been studied before, however their coun-
terparts in non-self-gravitating discs have been. The interaction of
giant migrating planets with circumbinary discs was first studied by
Nelson (2003). This study showed that Jovian-mass planets gener-
ally migrated into the central cavity, where they were captured into
a 4 : 1 mean-motion-resonance with the binary. These giant plan-
ets often underwent close-encounters with the binary, with scatter-
ing events ejecting them from the system. Lighter, Saturnian-mass
planets underwent stable migration to the disc cavity where they
then remained in stable orbits (Pierens & Nelson 2008a). Less mas-
sive planets undergo Type-I migration until they are halted at the in-
ner cavity edge by a strong positive co-rotation torque, counteract-
ing the Lindblad torque – see Pierens & Nelson (2007, 2008a,b) for
more details. The techniques developed in these works were then
MNRAS 000, 1–19 (2017)
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applied to a number of the newly discovered Kepler circumbinary
systems, in attempts to explain and recreate the orbits of their plan-
ets (Pierens & Nelson 2013; Kley & Haghighipour 2014, 2015).
Pierens & Nelson (2013), henceforth referred to as PN13, had dif-
ficulty recreating both the semi-major axes and eccentricities for
the observed planets, with a range of disc parameters, under the as-
sumption of an isothermal equation of state. Kley & Haghighipour
(2014, 2015), referred to from now on as KH14 and KH15, in-
cluded a more realistic equation of state and radiation effects, as
well as the role of multi-planet migration and interaction. These
works also had difficulty in recreating all the observed properties
of the Kepler circumbinary planets, although with a little more suc-
cess than PN13. Using 3D SPH simulations Dunhill & Alexander
(2013) argued the near-circular orbit of Kepler-16b hints that it
formed in a massive disc in which the orbit of the planet is heav-
ily damped by the disc. Understanding the physics and parameters
which affect the environment in which the planets form and evolve
– the circumbinary disc – is key to understanding the final, observed
states of these intriguing systems.
Our motivation in Paper I and this work, is to probe the early
dynamical history of circumbinary discs – as we increase the disc
mass we effectively examine earlier and earlier times in the sys-
tem’s history. We aim to address the questions: Does a high-mass
disc leave a fingerprint on the planet population if circumbinary
planets form early? Is this erased by the transition to a low-mass
disc as the system evolves? Does the epoch when planets form,
accrete gas, and migrate affect their final orbital configuration or
mass?
Using the results from Paper I as a starting point, we examine
the impact of self-gravity and disc mass on migration and accretion
scenarios for protoplanetary cores, in systems intended to mimic
the Kepler-16, -34 and -35 circumbinary systems. The scenarios are
carried out in evolved self-gravitating discs with masses equivalent
to 1, 2, 5, 10 and 20×MMSN, in each of the binary systems. These
different disc masses are proxies for different eras in the lifetime of
the disc, so we can answer the questions raised above. To simulate
the evolution of the system from a high- to low-mass disc state we
also carry out simulations where the orbital evolution of the planet
is tracked as the disc mass is exponentially dissipated.
The outline for this paper is as follows. Section 2 describes
the physical model and initial conditions used in our simulations.
Section 3 looks at the results of the orbital migration of protoplane-
tary cores in the whole range of evolved self-gravitating discs from
Paper I. Section 4 examines the orbital evolution of gas accreting
cores. Section 5 contains results from our investigation into the im-
pact of disc dissipation on planetary core migration, and final halt-
ing position. Our results from Sections 3–5 are summarised and
discussed in Section 6.
2 NUMERICAL SETUP
In this section we outline the extensions to our numerical model
from Paper I, which deal with the interaction of the planet with the
disc. For a full description of the equations pertaining to the evolu-
tion of the binary-disc system please refer to Section 2.1 of Paper
I. The simulations are conducted in a reference frame based on the
centre of mass of the binary system. The stellar orbital elements
maintain constant values appropriate to the various Kepler systems
that we are studying, and the N-body system comprising the stars
and planet is evolved such that the centre of mass of this system
is non-accelerating. Given that we are working in a frame centred
on the binary centre of mass, an indirect term is required in the
equations of motion that accounts for the acceleration of the binary
centre of mass, as outlined below.
2.1 Equations of Motion
2.1.1 Disc Evolution
The equations of motion of the binary-disc system are detailed
in Section 2.1.1 of Paper I in two-dimensional polar co-ordinates
(R, φ) with the origin kept at the center of mass of the binary.
The first extension we make to the system described in Paper I
consisting of a close binary system surrounded by a self-gravitating
disc is the addition of a massive, interacting planetary core. The
planet is free to interact with the disc, and vice-versa. This results
in the potential felt by the disc (Equation 4. in Paper I) having two
additional terms, represented by Φp and Φi:
Φ = ΦSG+
2∑
k=1
Φs,k+Φp+Φi. (1)
The first two terms in this equation are those created by the disc
itself through self-gravity, and the two binary stars (with indices s).
Their form is described in Equations 5 and 7 in Paper I. The form
of the potential created by the planet, of mass mp is as follows:
Φp = −
Gmp√
R2+R2p−2RRp cos
(
φ−φp
)
+ ǫ2
. (2)
ǫ is a softening length used to avoid singularities in the calculation
of the planet’s potential; it takes a value equal to 0.4H in this work,
where H is the disc thickness. Readers of Paper I will note that this
is the same prescription as used for the smoothing length used for
the calculation of the disc’s self-gravitating potential. The term rep-
resented by Φi is the indirect term resulting from the acceleration
of the binary centre of mass due to the gravity of the planet 1.
2.1.2 Orbital Evolution
Table 1 contains the best-fit observed binary and planetary orbital
and mass parameters of the Kepler-16, -34 and -35 circumbinary
planetary systems, as quoted in Doyle et al. (2011) and Welsh et al.
(2012). One of the eventual goals of this work is to recreate the ob-
served state of the Kepler circumbinary systems. To minimise the
initial parameter space of this work, and as noted in Paper I, the bi-
naries’ orbital parameters remain fixed throughout our simulations.
The orbital evolution of the binary system is therefore independent
of the disc and planet system; we hope to revisit the back reaction
of massive self-gravitating discs on the binary in a later work. In Pa-
per I we discuss the drawbacks to this approach, where in our most
massive systems – where the disc mass is comparable to the mass of
one of the binary stars contained within a notional radius of 30 au
– significant modification of the binary will occur if back-reaction
is allowed. See Paper I for a detailed description of these problems,
in the initial set-up of our simulations and in the discussion. The
equation of motion for the binary stars remains unchanged from
Equation 8 in Paper I. The equation of motion for a planet of mass
1 In principle we should also include an additional term from the disc acting
on the centre of mass of the binary. Extensive tests were undertaken in Paper
I which demonstrated that including this term did not change the results.
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Table 1. Binary and planet parameters.
Kepler-16 Kepler-34 Kepler-35
MA (M⊙) 0.690 1.048 0.888
MB (M⊙) 0.203 1.021 0.809
mp (MJ ) 0.333 0.220 0.127
qb = MB/MA 0.294 0.974 0.912
qp = mp/M⋆ 3.54×10
−4 1.01×10−4 7.13×10−5
ab (au) 0.224 0.228 0.176
ap (au) 0.705 1.090 0.603
eb 0.159 0.521 0.142
ep 0.007 0.182 0.042
Reference (Doyle et al. 2011) (Welsh et al. 2012)
mp, interacting with the binary and disc system is as follows:
d2Rp
dt2
= −
2∑
k=1
GMs,k
(
Rp −Rs,k
)
|Rp −Rs,k|
3
+ fdp− fi, (3)
where fdp is the force acting on the planet from the disc, and is
given by:
fdp =
∫
S
Σ(R)dR√
R2 +R2p−2RRp cos
(
φ−φp
)
+ ǫ2
. (4)
The term fi represents the acceleration of the binary centre of mass
by the gravity of the planet.
2.2 Hydrodynamic Model
The hydrodynamic set-up used in this work follows that in Pa-
per I, and builds on the disc-binary results. The simulation work-
load for the results presented here, and in Paper I, was split across
two separate numerical codes, after comparing test simulations
to verify that the results agreed. These codes were FARGO-ADSG
and GENESIS. FARGO-ADSG is an updated version of the widely
used FARGO code (Masset 1999), which includes the calcula-
tion of disc self-gravity as well as an adiabatic equation of state
(Baruteau & Masset 2008a,b). GENESIS uses an advection scheme
based on the van Leer (1977) monotonic transport algorithm to
solve the disc equations, and contains the FARGO time stepping
upgrade, as well as a module to calculate self-gravity. In both
codes the binary and planetary orbits are evolved using a fifth-order
Runge-Kutta integrator scheme (Press et al. 1992).
These codes were used to run 2D hydrodynamic simulations in
the plane of the binary’s orbit. The calculations presented here use a
grid resolution of NR×Nφ = 550×550 cells. The radial grid-spacing
between Rin and Rout is logarithmic, as required by the self-gravity
calculations (refer to Table 3 for the values used). This has the
added benefit of having a finer grid in the inner region of the disc
closest to the binary. The azimuthal grid is equally-spaced between
[0, 2π]. All the disc models use a kinematic alpha-prescription to
model turbulence in the disc (Shakura & Sunyaev 1973), where
α = 1× 10−3, and a constant disc aspect ratio, H/R = 0.05, which
gives rise to a locally isothermal set-up.
The following computational units are used: the total mass of
the binary M⋆ = MA + MB = 1, the gravitational constant G = 1
and the radius R = 1 is equivalent to 1 au. To present the results of
simulations we use the binary orbital period, Pb = 2π
√
GM⋆/a
3
b
,
as the unit of time.
For the migration scenarios where our giant planet cores are
Table 2. Starting semi-major axes of protoplanetary cores in each of the
Kepler-16, -34 and -35 system models.
ap,0 (au)
Kepler-16 Kepler-34 Kepler-35
1MMSN 2.0 2.5 2.5
2MMSN 2.0 2.5 2.5
5MMSN 2.0 2.5 2.5
10MMSN 3.0 2.5 2.0
20MMSN 3.0 2.5 2.5
allowed to accrete gas from the disc, we follow the prescription of
Kley (1999). Accretion is modelled by removing a fraction of the
gas within the planet’s Hill sphere, RHill = ap(mp/3M⋆)
1/3, from
the disc and adding the equivalent mass to that of the planet. The
rate at which gas is removed from the Hill sphere is determined by
the accretion time-scale, tacc = f tdyn, where tdyn is the orbital pe-
riod of the planet, and f is an adjustable factor. For the simulations
where there is no accretion this corresponds to f = 0.
2.3 Initial Conditions
The initial conditions used to set up the simulations of the disc
models used in this work are detailed in Section 2.3 of Paper I.
This section will instead focus on the procedure used to initialise
the planet cores in the migration, gas accretion and disc dissipation
scenarios presented here. Figure 2 summarises the "initial" con-
ditions the planets are inserted into – the pseudo-steady-state, az-
imuthally averaged surface density profiles for the 1, 2, 5, 10, and
20MMSN models in the Kepler-16 , -34, and -35 systems. These
snapshots are taken at t = 6000Pb , once the disc has reached a
pseudo-equilibrium.
In our first set of simulations we launch protoplanetary cores,
on initially circular orbits, in the outer regions of the evolved discs
from Paper I and allow them to interact with the discs. The initial
mass of the core in each system is chosen so that qp,0 =mp,0/M⋆ =
6×10−5. If M⋆ = 1M⊙ this is equivalent to a 20M⊕ core. We release
the cores into the outer region of the disc, where the surface den-
sity profile is unperturbed by the binary, and the disc eccentricity is
negligible. Referring to the profiles in Fig. 2 this lies at 2 au in the
low-mass Kepler-16 and -35 models, and around 2.5 au in the low-
mass Kepler-34 systems. The situation in the high-mass systems is
a little more complicated due to the additional eccentric features
in the outer disc. Starting the planets at an initial starting position
beyond 4 au – exterior to any strong eccentric features – means the
time needed to migrate into the inner disc is too long. However, we
speculated in Paper I that the migrating planets could interact with
these additional features to produce interesting behaviour, there-
fore we didn’t want to place the planets too close to the binary. In
the high-mass discs we used an approach which placed the planet
beyond the first additional feature, but not too far out in the outer
disc. Table 2 summarises the starting semi-major axes of the cores
in all our models. FARGO-ADSG modifies the initial planet semi-
major axes with an initial self-gravity "boost", which increases the
starting position by ≈ 10% in the most massive 20MMSN models.
2.4 Boundary Conditions
In Paper I we carried out a fairly exhaustive investigation into
the impact of inner boundary conditions on the structure of cir-
MNRAS 000, 1–19 (2017)
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Figure 2. Azimuthally averaged surface density profile results of all self-gravitating disc models in the Kepler-16, -34, and -35 systems from Paper I. One
can see the central cavity in all disc models, and the density spikes associated with the additional eccentric features in the most massive 10 and 20MMSN
models. These profiles are calculated once the discs have reached pseudo-steady-state – 5000Pb in the Kepler-16 system, and 6000Pb in the Kepler-34 and
-35 systems.
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Figure 3. Azimuthally averaged cell eccentricity profile results of all self-gravitating disc models in the Kepler-16, -34, and -35 systems from Paper I. The
eccentric inner cavity can be seen in all models, with the additional eccentricity bumps associated with the eccentric features in the high-mass discs. Again,
these profiles are taken once the models have reached pseudo-steady-state.
Table 3. Inner and Outer Boundary Conditions
Kepler-16 Kepler-34 Kepler-35
Rin (au) 0.090 0.040 0.056
Rin BC Viscous
Rout (au) 5.0
Rout BC Open
cumbinary discs around close binary systems. This was motivated
by similar discussions in Marzari et al. (2009), PN13, KH14 and
Lines et al. (2015), which found discrepancies between different
outflow choices, or between the same boundary condition in dif-
ferent systems. For a full description of the investigation and its
results we direct the reader to Sections 2.4 and 3 in Paper I. Again,
we found no boundary choice which was consistent between the
three systems presented here. The choice of inner boundary con-
dition is a way to simulate how much mass flows from the inner
disc, out of the boundary and onto the central binary. The Open,
Closed or Viscous boundary conditions tested previously all guess
at how mass flows through the eccentric cavity, and onto the stars.
Our findings from these initial investigations prompted us to de-
velop a way to treat the inner boundary which resulted in a more
physically realistic treatment of the material accreting onto the bi-
nary. This required us to shrink the size of the inner edge of the disc
domain, so the binary is partially embedded in the computational
domain rather than sitting entirely interior to the inner boundary.
Decreasing the radius of the inner edge, Rin, increases the
computational runtime of the simulations, so a compromise is
struck between accuracy and speed. We found this balance came
when at least 70% of the Roche lobe area of the least massive star
was contained in the computational grid at all times. The various
values for Rin in the three binary systems simulated here are given
in Table 3. The outer boundary of the disc is treated the same in
each simulation. A value of Rout = 5 au is used, with an Open out-
flow boundary condition. A brief description of the Open and Vis-
cous boundary conditions is given below:
• Open – material is allowed to freely leave the disc i.e. outflow.
No inflow is allowed. A zero-gradient condition is set in both υR
and Σ.
• Viscous – this is a limiting condition to stop the inner disc
from emptying of gas too quickly. Material in the innermost cells is
given a radial velocity, υR = βυR(Rin), where υR(Rin) = −3ν/2Rin,
is the viscous drift velocity and β is a free factor (Pierens & Nelson
2008a). We follow previous works which use this condition and set
β = 5.
As we describe in Paper I, the Viscous outflow condition at
the inner disc radius tries to model the accretion flow onto the cen-
tral star(s). It acts as compromise between an unphysical reflect-
ing boundary, and an Open boundary, which empties the inner disc
of material at too fast a rate. Our models do not (fully) resolve
the circumstellar discs which would form in the Roche lobes of
the primary and secondary stars however if we assume that these
discs evolve and accrete onto the central objects on the viscous
timescale, the Viscous boundary condition ‘feeds’ these discs at
a self-consistent rate.
How the azimuthal velocity is treated at the inner radial edge
of the disc is also modified. Usually in hydrodynamical codes the
viscous stress is maintained by setting υφ to the sub-Keplerian or-
bital velocity at the locations Rin and Rout. At the inner boundary
the potential created by the binary is extremely non-Keplerian. We
therefore set a zero-gradient condition for the azimuthal velocity at
this location.
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3 MIGRATION OF PROTOPLANETARY CORES
In this section we present the results of simulations examining the
migration of protoplanetary cores in evolved self-gravitating discs
around the Kepler-16, -34, and -35 binary systems. We insert a non-
accreting core, with mass ratio qp,0 = 6× 10
−5, into each of the 1,
2, 5, 10, and 20MMSN discs from Paper I, once the disc has reached
a pseudo-steady state. In the Kepler-16 system this is at 5000Pb ,
whilst the discs reach this state after 6000Pb in the Kepler-34 and
-35 systems. At this point in the simulation the inner eccentric cav-
ity has a stable precession frequency, and in the high-mass discs,
models which were shown to exhibit additional eccentric features
at any point, have done so. The core mass used in these simulations
lies in the regime where Type-I migration is rapid, but is not mas-
sive enough to open a gap in the disc i.e. the gap-opening criteria
of Crida et al. (2006) is not met.
3.1 Kepler-16
Our results for the orbital evolution of protoplanetary cores in self-
gravitating discs around Kepler-16 are summarised in Fig. 4. The
upper panel shows the evolution of the cores’ semi-major axes, un-
til a pseudo-steady orbit is reached. In addition to the 1–20MMSN
models being shown on this plot, several other quantities are plot-
ted. The red dotted line is the semi-empirical critical semi-major
axis for stable orbits around Kepler-16 (Holman & Wiegert 1999);
the green dashed line is the best-fit observed semi-major axis for
Kepler-16b from Doyle et al. (2011); the blue dotted line (with la-
bel acore) shows the final values for the non-self-gravitating results
with comparable disc and core properties from PN13; and the grey
dashed lines show the locations of the 5:1–9:1 mean motion reso-
nances with the binary – locations which have been shown to lead
to eccentricity growth, leading to ejections or scattering with the bi-
nary (Kostov et al. 2014; Kley & Haghighipour 2015; Kostov et al.
2016). The middle panel shows the evolution of the core eccen-
tricity results for the low-mass (1–5MMSN) disc models, with the
high-mass results plotted in the bottom panel for clarity.
We can see that like the disc evolution models in Paper I,
the evolution of the protoplanetary cores in the low and high-mass
discs can be separated into two distinct regimes of behaviour. In
the low-mass discs the cores migrate inwards, albeit with increased
rates in the more massive models (the migration rate scales mod-
erately super-linearly with the surface density at the planets’ lo-
cation (Baruteau & Masset 2008b)), from their initial starting posi-
tion until they reach 1.2 au. This location corresponds well with the
surface density peak in the material bounding the tidally truncated
inner cavity (Fig. 2), a result fully expected from previous work.
As can be seen in Fig. 4 the low-mass results agree extremely well
with those from PN13, but not with the observed state of Kepler-
16b. This result is slightly unexpected as the disc cavity size seen
in our models is somewhat smaller than those in PN13 due to our
more realistic treatment of the inner disc boundary.
To explain this we must examine what dictates the halting po-
sition of these protoplanetary cores in circumbinary discs. From
prior work (Pierens & Nelson 2007, 2013; Kley & Haghighipour
2014), we know the stopping behaviour of planets across a range
of planetary masses. In the Type I regime, Earth-like planets are
stopped by the growth of a strong positive co-rotation torque which
counteracts the influence of the negative Lindblad torque (Masset
2006; Pierens & Nelson 2007). These two torques balance each
other when the surface density gradient is sufficiently positive. For
more massive Saturn-like planets, a different stopping mechanism
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Figure 4. The top panel shows the evolution of qp,0 = 6 × 10
−5 proto-
planetary cores’ semi-major axes in evolved self-gravitating discs around
the Kepler-16 system. The grey dashed lines in this plot show the posi-
tions of n : 1 mean-motion resonances with the binary, which have been
shown to be unstable to planetary orbits (Nelson 2003; Kostov et al. 2013;
Kley & Haghighipour 2014, 2015). The red dotted line shows the loca-
tion of acrit from Holman & Wiegert (1999). The middle and bottom pan-
els show these cores’ eccentricity evolution in the low- and high-mass disc
models respectively. The green dotted lines in these plots show the values of
ap and ep of the observed planet from Doyle et al. (2011), and the blue dot-
ted lines show the final values of simulation with the same disc parameters
and comparable core mass from PN13.
operates. If the planetary eccentricity is large enough, a torque
reversal can be induced – at apoapse the planet orbits amongst
material in the outer disc that is locally travelling faster than it-
self. When this material overtakes the planet it is focussed by the
planet’s gravity, leading to a positive torque. The reverse of this
occurs at periapse, leading to a negative torque from the inner disc
(Pierens & Nelson 2008a,b, 2013). When at a cavity edge, the inner
torque is naturally smaller in magnitude than the outer torque, lead-
ing to a net positive torque arising from this effect. As can be seen
in the first panels of Figs. 2, 3, and the middle panel of Fig. 4, the
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Figure 5. A snapshot of the 2D surface density profile in the 1MMSN model
once the planet has reached a pseudo-steady-state orbit at the edge of the
eccentric cavity. The instantaneous orbit of the planet is shown by the black-
dashed ellipse, the red-dashed circle shows the location of the critical sta-
bility limit. The disc and planet system look nearly identical in the 2 and
5MMSN models around the same system. The planet’s inwards migration
has been halted by a strong positive co-rotation torque balancing the neg-
ative Lindblad torque, once the eccentricity of the planet attains a value ≈
ed(ap)
.
migration of the protoplanets starts to slow when the planetary ec-
centricity reaches a significant level, ep ≈ 0.13. This coincides when
the local disc cell eccentricity and planetary eccentricity are compa-
rable. These findings lead us to the same conclusion as PN13, that
for the protoplanetary core mass used here, it is the torque reversal
induced by significant planetary eccentricity which halts migration.
Comparing our results with those in PN13, the fact that the planet’s
stopping location is essentially the same in that study and this one,
in spite of the different size of the cavity, arises because of differ-
ences in the planetary eccentricity and the structure of the cavity
(eccentricity and surface density profile). Figure 5 shows the orbit
of the core at the exterior edge of the cavity, where the protoplanet’s
eccentricity is high enough to induce a torque reversal.
In the high-mass disc regime we observe planetary evolution
behaviour not seen in the low-mass discs, or previous work on
this topic. Whilst the cores still migrate inwards, in the 10MMSN
model the core briefly halts at 2.2 au. During the period when it
is trapped at this location its eccentricity steadily grows from 0.05
to a maximum of 0.4. When the core is then released its eccentric-
ity is quickly damped and it migrates into the inner disc, halting at
a location in good agreement with the low-mass results, ap = 1.1
au. Unlike the low-mass models the core’s eccentricity is slowly
damped by the large amount of gas in its vicinity, down to a value
in good agreement with the observed value of Kepler-16b. Whilst
the core in the 20MMSN model doesn’t show signs of this trapping
immediately, its inwards migration is halted at 1.5 au, a location
significantly exterior to the prior results. Examining Figs 6 and 7,
we can start to explain this behaviour. The discovery of the addi-
tional eccentric features in high-mass self-gravitating circumbinary
discs prompted us to theorise that they could act as planet traps.
Figure 6. Evolution of the 2D and azimuthally-averaged 1D surface den-
sity profiles of the Kepler-16 10MMSN model, over the course of the pro-
toplanet’s migration from its initial starting point, to its final location. The
instantaneous orbit of the planet is shown by the black-dashed ellipse in the
2D plots; the red-dashed circle shows the location of the critical stability
limit. The black line in the 1D profiles is the core’s actual distance from the
binary CoM, the orange dashed line is ap and the inner and outer dashed red
lines show the location of rper = ap(1−ep) and rapo = ap(1+ep) respectively.
In the Type I regime, the positive surface density gradient creates
a strong co-rotation torque which could counteract the Lindblad
torque or, for more massive planets, the excited eccentricity in these
regions could excite the eccentricity of the body sufficiently to in-
duce a torque reversal. Whilst this process requires the planet to
have a non-negligible eccentricity, it also requires there to be a sur-
face density gradient across the extremes of the orbit. At apocentre
it should find itself in an area of high surface density, and a low
surface density at pericentre. In the discs which we obtain in these
models, this can be achieved by the planet and disc eccentricities
not being exactly equal, or a misalignment between the respective
line of nodes. In this case the planet is on a less eccentric orbit than
the surrounding disc material.
Despite this prediction, we see two different end results in the
10 and 20MMSN models. In the least massive of these cases the
core migrates inwards until it reaches the first eccentric feature. At
this location it halts. Repeated interaction with this highly eccentric
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Figure 7. A 2D surface density profile of the evolved 20MMSN disc model
around the Kepler-16 binary. In this snapshot a protoplanetary core has been
interacting with the disc for 1000Pb. The instantaneous orbit of the core is
shown by the black-dashed ellipse. The core can be seen to be orbiting
between the inner cavity, and the first eccentric feature. The planet’s orbit
crosses this feature, and because it has a period of precession ranging in the
hundreds of binary orbits (see Paper I), the planet will cross and interact
with this feature repeatedly. The eccentric feature is strong enough to trap
the planet at this exterior position.
feature lead to the planet’s own eccentricity being excited. This can
be seen in the second panel of Fig. 6. However the planet’s eccen-
tricity becomes so high (ep = 0.4), the planet’s pericentre position
decreases until it interacts with the material bounding the inner ec-
centric cavity. A similar process to the initial trapping then occurs,
however the planet’s orbit is circularised by the far less extended
inner feature. The core’s semi-major axis shrinks until the orbit is
moderately eccentric, which matches that of the observed Kepler-
16b relatively well, at the location of the inner cavity. The core in
the 20MMSN model can get trapped at the first outer eccentric cav-
ity because the eccentric feature is more tightly localised due to
the disc’s stronger self-gravity. Therefore the planet’s orbit doesn’t
take it into close proximity of the strong inner eccentric feature,
and it remains trapped between the inner and first outer eccentric
features.
3.2 Kepler-34
As a result of the variety in the evolved disc structures in the
Kepler-34 models, we see a large range of results for the migra-
tion of protoplanetary cores in these evolved discs. In Paper I we
found that as we increase the disc mass from 1 to 20MMSN, the size
of the initially very eccentric, extended cavity in the least massive
disc gradually decreases – self-gravity acts to compact the scale of
the system. As can be seen from Fig. 8 a similar pattern can be
seen in the final stopping positions of the migrating cores, where
the halting of migration occurs because ep increases and induces a
torque reversal.
In the low-mass discs there is a clear trend for ap to decrease
from ap ≈ 1.95 to 1.5 au, and for ep to increase from ep = 0.275
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Figure 8. The top panel shows the evolution of qp,0 = 6×10
−5 protoplane-
tary cores’ semi-major axes in evolved self-gravitating discs in the Kepler-
34 system. The middle and bottom panels shows these cores’ eccentricity
evolution in the low- and high-mass disc models respectively.
to 0.3 as the disc mass rises from 1 to 5MMSN. Looking at the disc
eccentricity distributions in the middle panel of Fig. 3, for a given
radius one obtains a smaller value for the average disc cell eccen-
tricity for larger disc masses – the core therefore has to migrate
further through the disc so that ep ≈ ed. The large ep seen for the
cores in these discs means the strength of the co-rotation torque
would be greatly diminished (Fendyke & Nelson 2014), therefore
making torque reversal the dominant mechanism for halting mi-
gration. The low-mass discs, especially the 1MMSN model, do not
match the results obtained in PN13, and show poor agreement with
the observed Kepler-34b. The discs in these models tend to have
large, highly eccentric cavities compared to the equivalent models
in PN13. Our more realistic treatment of the inner disc boundary,
allowing for a more accurate capturing of angular momentum flux
through the disc due to the binary, is the likely explanation for this.
Whilst the low-mass disc results do not agree well with past
results or the observed state of the Kepler-34 planetary system, the
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Figure 9. 2D surface density profiles showing the structure of the binary-
disc-core system once migration has halted for the 1–20MMSN disc models
around the Kepler-34 binary. The planetary orbit is shown by the black-
dashed line, with the red-dashed line showing the critical stability limit. For
each of these models it can be seen that the planet migrates into the inner
disc, where it then interacts with the strong eccentric feature. The stopping
position can be seen to decrease as the disc mass increases. Clear evidence
of pericentre-alignment between the core and the eccentric cavity can be
seen
10MMSN and 20MMSN models agree relatively well with the plane-
tary orbital elements quoted by Welsh et al. (2012). The final stop-
ping positions in the 10MMSN and 20MMSN systems, 1.2 and 1.0 au
respectively, bracket the observed value of ap ≈ 1.1 au due to the
compacting of the system as disc-mass and self-gravity increase.
The trend for ep to increase as the disc-mass increases is reversed
in the high-mass regime, possibly due to the disc-mass in the vicin-
ity of the planet providing significant damping. We see no evidence
of the core being trapped in the outer disc in either model. Exam-
ining the last two panels in Fig. 9, we can see that although addi-
tional eccentric features are present in the outer disc, in both the
10 and 20MMSN models, they are far less well-defined than those in
Kepler-16. These washed-out features are not strong enough to halt
the inwards migration of the cores in this system.
A common feature that can be seen for all the disc models
in this system can be observed in Fig. 9. One can clearly see that
(a)
1000 2000 3000 4000 5000
t (Binary Orbits)
-3
-2
-1
0
1
2
3
L
o
n
g
it
u
d
e
 o
f 
P
e
ri
c
e
n
tr
e
Kepler 34 - 1 MMSN
p
d, local
d, global
(b)
1000 2000
t (Binary Orbits)
-3
-2
-1
0
1
2
3
L
o
n
g
it
u
d
e
 o
f 
P
e
ri
c
e
n
tr
e
Kepler 34 - 10 MMSN
p
d, local
d, global
(c)
1000 1500 2000
t (Binary Orbits)
-3
-2
-1
0
1
2
3
L
o
n
g
it
u
d
e
 o
f 
P
e
ri
c
e
n
tr
e
Kepler 34 - 20 MMSN
p
d, local
d, global
Figure 10. Evolution of longiude of pericentre of the disc-planet system in
the 1, 10, and 20MMSN disc mass models around Kepler-34. Both the global
and local calculations of the disc longitude of pericentre are included (see
the text for a description of the differences between these two calculations.
In the 1–10MMSN discs the planet evolves into a state where the phase and
period of circulation of its precession match that of the inner eccentric cav-
ity of the disc. The two match when the planet has halted its migration at
the inner cavity.
the orbits of the cores in each system are aligned with the precess-
ing eccentric inner cavity. An examination of the evolution of the
planet’s longitude of pericentre, alongside that of the mean disc
longitude of pericentre shows this as well (Fig. 10). As the planet
migrates into the inner disc, the phase and period of precession both
evolve into lockstep with that of the inner disc cavity (which the lo-
cal calculation of ωd traces). The planet and eccentric feature pre-
cess with each other, in a pericentre-aligned fashion, a behaviour
previously seen for full mass planets in non-self-gravitating discs
in the Kepler-34 system (Kley & Haghighipour 2015). This is not
true in the most massive disc model presented here, 20MMSN. In
this case, the precession of the planet and disc are half a precession
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period out of phase such that their eccentric orbits are anti-aligned.
In Paper I we give an explanation for the global and local calcu-
lations of the disc eccentricity and longitude of pericentre. Whilst
the global calculation takes into account all the material in the disc
between Rin and Rout, the local calculation only takes into account
material up to and just beyond the position of the surface density
peak associated with the inner cavity. This procedure ignores the
effect of exterior eccentric, precessing material in the outer disc.
We note that a second separate simulation of a protoplanetary
core released at 3 au in the Kepler-34 20MMSN disc model was un-
dertaken to examine migration from a larger radius. This location
corresponds to a radius between the second and third additional
eccentric features in the disc. Whilst these features are relatively
weak, they still alter the surface density profile of the disc. These
regions of positive surface density gradient are sufficient to hamper
any inwards migration of the planet, but insufficient to excite suffi-
cient eccentricity for it to escape. The forces acting on the planet at
this outer position which normally result in inwards migrations are
overcome by the small perturbations in surface density – whilst at
the starting position of the first 20MMSN core the rate of inwards mi-
gration is greater. These weak features could play an important role
in the early stages of planet formation, trapping large numbers of
planetesimals, boulders or pebbles, but with low eccentricity, pro-
viding a reservoir for protoplanetary core creation. For clarity we
have not included this simulation in the plots for this section, but
we will discuss its further evolution in subsequent sections.
3.3 Kepler-35
The results from protoplanetary core migration in the evolved
Kepler-35 disc models look very similar to those from the Kepler-
16 models, with minor changes caused by the differences in evolved
disc structure. This result was expected due to the similarity in
evolution and final structure results from Paper I for these low-
eccentricity binaries. To recap, in the low-mass discs, the cores mi-
grate inwards through the disc until they reach a location where
their eccentricity is excited enough (ep ≈ ed(ap)) to induce a torque
reversal. This location corresponds to the edge of the eccentric cav-
ity. The location of this edge, which is easily identifiable as the
peak in the surface density, lies at a smaller radius in the Kepler-35
system than in Kepler-16, due to its lower binary eccentricity. The
final semi-major axis for the cores in the 1–5MMSN models is 0.9 au
– slightly smaller than the previous PN13 result – and ep oscillates
around 0.11 for all three models (see the upper and middle panels
of Fig. 11). The mean value of ep results from a balance between
the highly eccentric disc pumping up the eccentricity and the sur-
rounding material damping the eccentricity. None of the final plan-
etary orbital elements obtained in the low-mass regime are in good
agreement with those quoted in Welsh et al. (2012) for Kepler-35b.
The results from the high-mass models also show the same
evolutionary history, with slightly different final values for ap and
ep, as the Kepler-16 high-mass models. The 10MMSN model shows
evidence of trapping by the m = 1 eccentric mode at 1.6–1.9 au,
where its eccentricity gets rapidly excited to 0.5. This highly eccen-
tric orbit then brings the pericentre close enough to the inner cavity
to allow the planet to be captured by the large amount of material
skirting the boundary. This material damps the orbit of the planet,
decreasing the semi-major axis (ap = 0.9 au) and eccentricity(ep
= 0.03), to a near-circular orbit (see upper and lower panels of Fig.
11, and Fig. 12).
The 20MMSN model, matching the evolution of the core in the
Kepler-16 20MMSN disc, migrates inwards through the disc – keep-
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Figure 11. The top panel shows the evolution of qp,0 = 6×10
−5 protoplan-
etary cores’ semi-major axes in evolved self-gravitating discs in the Kepler-
35 system. The middle and bottom panels shows these cores’ eccentricity
evolution in the low- and high-mass disc models respectively.
ing a low eccentricity, ep ≈ 0.08 – until it is trapped at the first extra
eccentric feature, with a final semi-major axis, ap = 1.4 au . The ec-
centricity damping provided by the disc is sufficient that it remains
at this location. Both the 10 and 20MMSN discs produce cores whose
final eccentricity is in good agreement with that of Kepler-35b, but
the simulated semi-major axes are too large.
4 MIGRATION OF ACCRETING CORES
The simulations that have been presented so far in this paper all
adopted a fixed mass for the planetary cores, corresponding to a
mass ratio between the planet and central binary of qp = 6× 10
−5 .
The actual mass ratios for the observed systems are all larger than
this by various factors (see Table 1), and so we now consider
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Figure 12. Evolution of pericentre distance of the protoplanetary cores in
the 10MMSN and 20MMSN disc models. Of particular note is the decrease
between 3000 and 5000Pb. During this time the core has been trapped at
the location of the first additional eccentric feature. Whilst its eccentricity
is being excited, the pericentre distance is decreasing, to the point where
it reaches the location of the inner eccentric cavity. Whilst the pericentre
distance remains relatively constant, the eccentricity and semi-major axis
are damped by this massive feature.
what happens to the orbital elements if the planets accrete gas and
achieve their observed masses while migrating. The results shown
above indicate that the planets considered so far normally halt their
migration at a location that is too far from the binary to provide
good agreement with the observations, so we examine whether or
not the stopping orbital radii decrease as we increase the planet
masses to their observed values. Only the 10MMSN and 20MMSN
cases for the Kepler-34 system produce final stopping radii that
agree well with the observations, and this occurs because of the
dramatic shrinking of the cavity size in this case for discs where
self-gravity is important.
For the simulations presented in this section we undertook
accretion scenarios for the evolved binary-disc-planet Kepler-16
and Kepler-34 systems. The initial core mass ratio used through-
out this work means that the protoplanetary core in the Kepler-
35 models is within ≈ 20% of the observed planet mass, so we
didn’t simulate gas accretion in this case. The accretion routine of
Kley (1999) was used to grow the mass of the protoplanetary cores
(qp,0 = 6× 10
−5) to that of the observed planet mass in the specific
system (qp = 3.54× 10
−4 and 1.01× 10−4 in the Kepler-16 and -34
systems respectively). This prescription removes a portion of the
gas from the Hill-sphere and adds its mass to that of the planet. The
accretion time-scale, i.e. the time in which the Hill-sphere is emp-
tied of gas, is determined as a fraction of the dynamic time-scale
of the planet, tacc = f tdyn. The variable constant f is tuned for the
Kepler-16 simulations so that the planet reaches its final mass over
5000Pb. We use this approach to inhibit the growth of the planet.
A constant value is used ( f = 0.01−1) for all the disc-mass mod-
els in the Kepler-34 system, as the final planet mass is relatively
low. The issue worth noting with this set-up, in relation to a re-
alistic comparison with the masses of the observed circumbinary
planets, is that when accretion is turned on in these simulations the
planet finds itself at a location with a wealth of material. Even con-
servative estimates for the accretion time-scale lead to rapid mass-
growth. If planets in circumbinary discs only reach a gas-accretion
phase when they are already at the cavity edge, it would be logical
to assume that the planet could quickly grow to Jovian mass unless
gas accretion is very slow indeed, or occurs at the end of the disc
lifetime. Our simulations apply to the former possibility, but it is
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Figure 13. 1D snapshots of the surface density profile in the 1MMSN (top
panel) and 10MMSN (bottom panel) models in Kepler-16, once accretion
onto the protoplanetary core is allowed. In the low-mass disc the core has
grown from its initial mass to the final, observed mass of Kepler-16b be-
tween the first and second profiles. It can be seen that whilst the planet has
migrated further into the inner disc, it has also carved out a pseudo-gap in
the inner edge of the cavity. In the massive disc, whilst the planet doesn’t
seem to open a gap, it does significantly alter the surface density profile
over the whole radial extent.
worth noting that circumbinary systems are self-selecting because
too much gas accretion leads to the formation of a Jovian-mass
planet, and these tend to be much more unstable due to dynamical
interaction with the central binary (Nelson 2003). Even if circumbi-
nary planets grow to be of Jovian-mass close to the cavity edge, we
are unlikely to see them as they have a significant probability of
being ejected from the system.
The accretion scenarios that we consider here are run from the
point in the simulations from the last section when the planet has
reached a pseudo-steady orbit.
4.1 Kepler-16
Kepler-16b, with mp ≃ 0.3MJup is the most massive of the three
circumbinary planets that we consider in this work (Doyle et al.
2011). Using the gap-opening criteria of Crida et al. (2006) which
states that for a given set of disc parameters, a planet of mass ratio,
q will open a gap if:
1.1
(
q
h3
)−1/3
+
50αh2
q
≤ 1, (5)
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Figure 14. Evolution of accreting protoplanetary cores’ semi-major axes
in evolved self-gravitating discs in the Kepler-16 system. The middle and
bottom panels shows these cores’ eccentricity evolution in the low- and
high-mass disc models respectively.
one can see that for the viscous stress parameter and disc aspect
ratio used in these simulations, the core will significantly alter the
surface density profile of the disc when it approaches its final mass
– as can be seen in Fig. 13. In the low-mass discs the core slowly
migrates from its initial stopping position at ap = 1.1 au further in-
wards to ap = 0.75 au, between the 6:1 and 7:1 MMRs with the
binary (top panel of Fig. 14). As the planets migrate into the cavity
evacuated by the binary, they carve out this cavity further – opening
one side of a gap. This process destroys the eccentric cavity, as the
planet’s mass dominates – resulting in a decrease in eccentricity ep
= 0.12→ 0.03. One anomaly in these results is the rapid outward
migration of the core in the 5MMSN model at 4000Pb (Fig. 14).
This is accompanied by a sharp decrease in ep. Examining the evo-
lution of the planet at this epoch, it can be seen that as the planet’s
mass grows it appears to interact with the 8:1MMRwith the binary.
These n:1 MMR locations have been shown to be unstable to plane-
tary orbits because they excite the eccentricity (Nelson et al. 2000),
Figure 15. Surface density map of the Kepler-16 2MMSN disc model once
the core has grown to its observed mass and reached its final semi-major
axis. The near-circularity of the planetary orbit is clear, whilst the complex
interplay between the density waves launched from the Lindblad resonances
with the planet, and those launched by the binary in the self-gravitating
disc, has destroyed the eccentric inner cavity. A gap has been opened with
a circular cavity interior to it.
and in this case the planet is scattered out. It is not ejected and is
able to migrate back into the inner disc, avoiding further scattering
events.
The planet in the 10MMSN disc alters the surface density sim-
ilarly to the planets in the low-mass discs. It can be seen in the
bottom panel of Fig. 13 that it doesn’t open such a deep gap at
the cavity edge. The presence of the planet leads to the destruction
of the additional eccentric features in the outer disc. Any planet
forming and evolving in the outer disc in a multi-planet formation
and migration scenario (see (Kley & Haghighipour 2015)) would
have a very different migration pathway to the first planet. Dur-
ing the accretion phase of the simulation, slow inwards migration
occurs to ap = 1.0 au, whilst the eccentricity of the core’s orbit
falls. The next 10000Pb is spent at this distance, after which it mi-
grates further into the inner disc, where it reaches ap = 0.75 au.
For the remainder of the simulation lifetime it has an eccentricity
ep = 0.04, in relatively good agreement with Kepler-16b. However
between 2.5× 104 and 3× 104 Pb the core seems to undergo a sim-
ilar scattering event as that seen in the 5MMSN disc – oscillating
around the 7:1 MMR and consequently scattering out. This scatter-
ing and subsequent inwards migration seems to happen repeatedly
over the course of the simulation. The mass of the disc is sufficient
to maintain a significant eccentricity of its own, and excite that of
the planet.
The evolution of the accreting core in the most massive
20MMSN disc is even more disruptive. Initially, when its mass starts
to grow, in the first few 1000Pbs of the simulation, it escapes the
outer planet trap and migrates into the inner disc (ap = 0.9 au).
During this phase it maintains a significant eccentricity (ep ≈ 0.1)
– because of this its orbit enters the n:1 MMR region. It spends the
remainder of the disc undergoing repeated scattering and migration
events, where its eccentricity dramatically rises to ≈ 0.3 and then
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Figure 16. Comparison of planetary and disc (global) eccentricity evolution
once gas accretion has started (at t =0Pb) in the 2 and 10MMSN models
around the Kepler-16 system. The growth of the core to its observed mass
in the first 5000Pb of the scenario results in significant alteration of the
disc eccentricity profile, as well as the average disc eccentricity. As the
planet grows and it approaches the gap-opening regime, a decrease in disc
eccentricity can be seen – in parallel to the decrease in planetary eccentricty.
In the 10MMSN model the erratic changes in ap beyond 2.5×10
4 Pbs are also
accompanied by a significant growth in ed.
circularises. If this continues, the core could in principal enter the
critical stability limit during one of these events and be ejected from
the system – although we have not yet seen this happen.
Figure 15 we can see that the structure of the circumbinary
disc has been significantly altered by the growth of the planet to
its observed mass. The opening of the gap, as well as strong spiral
wakes launched at the Lindblad resonances with the planet act to
destroy the eccentric cavity, making it more circular. This is clear
in the top panel of Fig. 16; during the first 10000Pb of the simula-
tion, when the planet is accreting mass from the disc and migrating
slowly inwards, the eccentricity of the disc decreases to 0.01. In the
most massive discs, the growing and migrating planet disrupts the
eccentric features in the exterior disc as well as the inner cavity –
leading again to a decrease in ed (bottom panel of Fig. 16). The er-
ratic changes in the orbit of the planets in the 10 and 20MMSN mod-
els also leads to corresponding fluctuations in the disc eccentricity.
When the planet is on a wider, more eccentric orbit, the eccentricity
of the disc can also grow.
In summary, we find that increasing the planet’s mass in the
low-mass discs leads to further inwards migration, and final orbital
elements that are in rather good agreement with the observed val-
ues. Gas accretion in the high mass discs, however, leads to re-
peated interactions with the binary that cause the orbits of the plan-
ets to change erratically.
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Figure 17. Evolution of accreting protoplanetary cores’ semi-major axes
in evolved self-gravitating discs in the Kepler-34 system. The middle and
bottom panels shows these cores’ eccentricity evolution in the low- and
high-mass disc models respectively. The difference between the two cores
in 20MMSN models is the initial starting position. It can be seen that a small
increase in planet mass is sufficient to alter the surface density in the outer
disc, so that the previously trapped core can migrate inwards.
4.2 Kepler-34
Increasing the protoplanet’s mass from qp,0 = 6× 10
−5 to the ob-
served mass of Kepler-34, qp = 1× 10
−4 – an increase a little over
60% – results in little change of orbital parameters. This is unsur-
prising as the core is still in the Type I planet migration regime
in our disc models, and according to Eq. 5, is not capable of suf-
ficiently disturbing the surface density distribution to open a gap.
This lack of significant activity was apparent after a relatively short
simulation time (≈ 2000Pb), where after a period of relaxation the
system reaches a pseudo-steady state. In Fig. 17 one can see a slight
outward migration of the planets in the 2MMSN and 5MMSN models,
associated with a circularisation of the orbit. A lack of change in the
low-mass models mean that there is still poor agreement with the
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observed configuration of Kepler-34b. The semi-major axes of the
cores in this system are too large (ap = 1.7–2 au), with eccentrici-
ties which are too excited (ep = 0.25–0.275) – although good agree-
ment with the observed eccentricity is obtained for the 5MMSN core
model where ep is oscillating around 0.18. The 10 and 20MMSN
model cores also show little change when accretion is switched on,
apart from a slight decrease in eccentricity in the 10MMSN case due
to more efficient damping by the disc.
The second 20MMSN model run in the Kepler-34 system which
is initially released further out in the disc but is trapped close to its
starting position – mentioned at the end of Section 3.2 – shows the
most dramatic response to accreting mass. The increased core mass
is sufficient for it to escape the region of weak eccentric features,
created by the self-gravitating disc response to the binary potential,
in the outer disc. It quickly migrates through the disc, finally reach-
ing ap = 1.0 au, the same as the first 20MMSN model presented and
in good agreement with the observed value of ap, although both
models have small values of ep. In this system it is especially hard
to produce a planet so close-in with a non-negligible eccentricity
that matches the observations. Increasing ep, hence lowering the
pericentre distance, further increases the risk of destabilising en-
counters with the n:1 MMR region and the chance of a catastrophic
ejection event. This, along with post-disc dissipation evolution with
the binary, may be the reason why we may yet to observe a very
close-in circumbinary planet (like Kepler-16b or -35b) with a sig-
nificant eccentricity like that of Kepler-34b.
5 DISC DISSIPATION IMPACT ON MIGRATING CORES
From the beginning of this investigation we have been using the
disc-mass as a proxy for the age of the circumbinary disc. It is
logical to assume that when the disc first forms into a stable en-
tity around the central binary it is at its most massive, and over
the course of its lifetime loses mass due to a number of differ-
ent processes – accretion onto the central binary, loss from photo-
evaporative and/or magnetised winds from the surface of the disc,
etc. Whilst we have simulated the disc structure and evolution at
different eras throughout its lifetime, we have not investigated the
effects of transitioning from a high-mass environment to that of a
low-mass one. The dichotomy of results from Paper I suggest that
the additional eccentric features seen in the outer disc will disperse
as the disc-mass and the strength of self-gravity decrease. Without a
sustaining action, the viscous forces in the disc will dissipate these
eccentric features. As the strength of self-gravity diminishes in the
disc we would also expect the compactness of the system to relax
back to that seen in the least-massive 1MMSN disc – the eccentric
cavity will increase in size, especially those seen in the Kepler-34
system. The surface density profile will alter as the disc relaxes and
we would expect the planet to migrate outwards with the cavity. In
those discs where the planets are halted by the counteracting of the
Lindblad torque by the positive co-rotation torque, the planet may
be able to stay at this stable stopping location whilst the disc re-
laxes. We are not investigating the mechanisms and physics which
dictate disc mass-loss and dispersal – these are topics of ongoing
research – and perhaps deserve their own work in the context of
massive self-gravitating discs. Instead, and as a computation time
saving exercise, we use a simple exponential decay to dissipate the
mass of the disc:
Σn+1i j = Σ
n
i j exp
(
−
∆t
τ
)
, (6)
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Figure 18. Evolution of protoplanetary cores’ semi-major axes in dissipat-
ing self-gravitating discs, in the Kepler-16 system (top panel). The bottom
panel shows the core eccentricity evolution in the 10MMSN and 20MMSN
disc models.
where Σi j is the cell surface density value, ∆t = t
n+1− tn, is the time
between successive time levels n and n+ 1, and τ is the decay time
constant. In each disc this value is chosen so that after 5000Pb the
total disc mass md will have decreased from its initial value down
to the equivalent 1MMSN model in that system. For reference, to
reach a 1MMSN disc from a 10MMSN or 20MMSN mass disc in the
Kepler-16 system, a time constant of τ = 1520 or 1175 is used re-
spectively. This decay length is sufficiently large that the dynamical
time-scales associated with the disc and planet are much smaller,
and can therefore respond to any changes in the disc. Once the
disc has reached a total disc-mass equivalent to the initial 1MMSN
disc mass, the dissipation mechanism is stopped, to allow the disc
and planet to reach a pseudo-steady-state on time-scales of a few
× 10,000 binary orbits. This procedure is started in the disc once
– similarly to the previous subsection looking into accretion sce-
narios – the initial binary-disc-protoplanet systems from Section
3 have reached quasi-steady state. This allows us to track the re-
sponse of planets, trapped at the cavity edge or by eccentric rings,
to the diminishing disc mass and relaxation or dissipation of ec-
centric features. During this procedure, and in the post-dissipation
evolution of the planets, we consider non-accreting cores.
5.1 Kepler-16
The similarity of the results from the 1–5MMSN models seen in Sec-
tion 3.1 for the Kepler-16 system prompted us to only carry out disc
dispersal simulations for the most massive 10MMSN and 20MMSN
models. Figure 18 shows the response of the planets’ semi-major
axes (top panel) and eccentricities (bottom panel) to the disc dis-
persal, which occurs during the first 5000Pb of these plots. A sig-
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Figure 19. Surface density map of the Kepler-16 10MMSN disc model once
the disc has undergone mass dissipation, and the core has reached its fi-
nal orbital position. Whilst the eccentric cavity has relaxed from the very
compact initial 10MMSN state to a cavity with a larger extent, the core has
managed to retain a close-in, circular orbit.
nificant amount of post-dissipation evolution of the cores can be
seen, especially in the 20→1MMSN model.
As previously detailed, the core in the 10MMSN disc is orbit-
ing at the edge of the inner eccentric cavity when migration halts.
When dissipation starts to occur, the semi-major axis of the core
increases from 1 to 1.2 au – the position of Rmax, or the cavity
edge in the least massive 1MMSN model. The eccentricity of the
core also increases in this period, increasing from around 0.05 to
0.1. This increase in eccentricity, due to reduced damping by the
disc, increases the positive torque contribution from the outer disc,
even as it relaxes due to dissipation. The balance between reduced
eccentricity damping and the diminishing influence of the positive
torque from the outer disc, dictates whether the core migrates in-
wards or outwards as the disc dissipates. After this initial period of
outwards migration, this balance inverts. The semi-major axis de-
creases – past the initial stopping distance – further into the inner
disc as the eccentricity drops – reaching a final orbit with ap = 0.9
au and ep ≈ 0.025. This model gives better final agreement with the
observed Kepler-16 system than the low-mass models. When dis-
sipation starts, the core’s small ap and non-negligible ep mean its
pericentre distance lies around 0.8 au. The core retains this small
value during dissipation, and as the eccentricity is damped by the
disc. The final semi-major axis corresponds to a location between
the 8:1 and 9:1 MMR with the binary – the core’s low eccentricity
however keeps it clear of interaction with these destabilising re-
gions. Examining the surface density profile and planetary orbit in
Fig. 19, one can see the similarity to the low-mass Kepler-16 discs
(Fig. 5). The eccentric features in the outer disc have dissipated
and the inner eccentric cavity has relaxed, to a size in good agree-
ment with the 1–5MMSN models. The difference in the shape of the
planetary orbit is also clear, a more circular orbit inside, rather than
tracing the outside edge of the cavity, is attained.
A very different evolution is seen in the 20MMSN model. The
core in this model is trapped at the location of the first eccentric fea-
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Figure 20. 1D surface density profiles are shown here during the evolu-
tion of the 20MMSN disc, and its embedded core. All line types and colours
carry the same meaning as previous plots of this type. The first panel shows
the system at the beginning of disc dissipation, the second is 2000Pb or-
bits through this process, and the final subplot shows the system once the
disc has relaxed and the planet has reached its final stopping position. The
middle panel’s surface density distribution looks very similar to those seen
from 10MMSN , whilst the last panel looks very similar to a 1MMSN model.
The planet initially migrates outwards as it follows the dissipating eccentric
feature. Once this feature has completely dissipated, and the surface density
gradient in the outer disc is negative once more, the planet then migrates
into the inner disc. It finally stops at the edge of the inner cavity, ap = 1.1
au, in good agreement with the results from core migration in the 1–5MMSN
models presented earlier.
ture in the outer disc when the process of dissipation begins. During
dissipation the planet migrates outwards from ap = 1.4 to 2.2 au.
After the first 2000Pb of disc dissipation, migration reverses and
the core migrates into the inner disc, reaching a final semi-major
axis of 1.1 au. Examining the azimuthally averaged surface density
profiles in Fig. 20 this evolutionary history can be explained. Com-
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Figure 21. Evolution of protoplanetary cores’ semi-major axes in dissipat-
ing self-gravitating discs in the Kepler-34 system. The middle and bottom
panels shows these cores’ eccentricity evolution in the low- and high-mass
disc models respectively.
paring the three plots several important things can be extracted;
the first being that between the first two panels the surface den-
sity profile has relaxed to one resembling a 10MMSN profile. The
tightly wound eccentric features in the 20MMSN model dissipate
outwards in the disc, but one relatively strong eccentric feature at
2.1 au can still be seen. If dissipation stopped here, we might see a
migration scenario much like the 10MMSN model from Section 3.1,
where the planet gets trapped, but then subsequently escapes. Dis-
sipation does continue however, and the core is free to immediately
migrate into the inner disc, as the eccentric features are destroyed.
The last panel shows the planet at its final location of ap = 1.1 au.
This value and the surface density profile are very similar to the
final state of the 1MMSN model from Section 3.1, and its final ep
≈ 0.075 is in good agreement with observations. To summarise, the
core – still trapped by the eccentric feature – migrates outwards as
it follows the dissipating perturbation, until the eccentricity of the
core dimishes enough so that the positive torque contribution from
the outer disc stops. The net negative torque migrates the core in-
wards towards the central cavity, where the eccentricity increases
again, inducing another torque reversal, halting migration in the in-
ner disc.
5.2 Kepler-34
In contrast to Kepler-16, in the Kepler-34 system we undertook disc
dissipation in the 2–20MMSN models, reducing their disc mass to
1MMSN. With these models, we would expect the core semi-major
axes and eccentricities to converge on the values reached by the
core in the 1MMSN model, as the disc mass dissipates. Examining
Figure 22. Surface density maps of the Kepler-34 1MMSN system once the
planet has reached its final orbit (left), and the final state of the 20→1MMSN
dissipation model (right), once the disc has relaxed and the planet has mi-
grated outwards to the orbit seen here. Despite the mass being equal in these
discs, the cavity in the dissipated case is still much smaller and less eccen-
tric.
the top panel of Fig. 21, the evolution of ap, we see this is not
the case. Whilst there is evidence of slight outwards migration as
a result of the disc relaxing, they do not migrate significantly to ap
≈ 2 au – the location of the 1MMSN model core. The 2MMSN core
shows little change, 5MMSN migrates outwards to 1.6 au where it
halts, and the high-mass discs all converge to 1.4 au. As the ec-
centric features in the outer disc dissipate, the core in the second
20MMSN model is able to escape the outer disc and migrate into the
inner disc, where it halts at 1.4 au, close to the stopping radius of
the other 20MMSN run with reducing disc mass, and the correspond-
ing 10MMSN case. Comparing the surface density maps in Fig. 22,
the lack of agreement between the basic 1MMSN migration scenario
and the disc-dissipated 20→1MMSN models is clear. Whilst there is
some evidence of the disc relaxing during its dissipation, the cavity
in the latter model is still more tightly bound around the central bi-
nary, as a result the planet is in a much closer orbit than expected. It
appears that the presence of the planet in the inner cavity interferes
with the relaxation of the disc and prevents it from relaxing to the
configuration expected from the 1MMSN run. It is for this reason
that we achieve a smaller stopping radius for the planets when the
disc mass transitions from high to low mass, and indicates that the
history of the system influences the final stopping location of the
planet.
5.3 Kepler-35
Similar results to Kepler-16 in Section 3.1 prompted a similar ap-
proach for running disc dissipation scenarios in the Kepler-35 sys-
tems; ignoring the low-mass models which show consistent results
and focusing on the high-mass models which show the most vari-
ation, both with each other and the low-mass cases. The cores in
the 10MMSN and 20MMSN models start in much the same positions
as those in the Kepler-16 models; the 10MMSN core on a close-in
orbit (ap = 0.9 au) with a low eccentricity, and the 20MMSN core
trapped in the outer disc by the first additional eccentric feature.
Examining Fig. 23 the similarity continues – the cores follow the
same migration pathway as their counterpart cores in the Section
5.1 simulations. The replication of the same evolutionary scenarios
in different mass-ratio binary systems, suggest that the mechanisms
observed in the above sections are relatively robust. For low-mass,
isothermal discs, with the same structure, the zero torque location
should be the same – hence planets in these discs halt migration
at the same location. The core in the dissipating 20MMSN model
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Figure 23. Evolution of protoplanetary cores’ semi-major axes in dissipat-
ing self-gravitating discs in the Kepler-35 system. The bottom panels show
these cores’ eccentricity evolution in the high-mass disc models.
reaches the same semi-major axis as the core in the 1MMSN model,
in our first set of simulations, because when it reaches the inner
disc the structure is the same because the disc has already relaxed.
On the other hand, the core in 10MMSN has already reached the in-
ner disc, with a different disc structure. As the disc dissipates, the
planet also has an impact on the final disc structure, which shifts
the zero torque location – inwards in this case. The tendency for
the cores in the 10MMSN models to converge onto shorter period
orbits between the 8:1 and 9:1 MMRs, resulting in better agree-
ment with the observations than the other models when the planet
mass is kept constant, is likely a fingerprint of the high-mass disc
structure at 10MMSN, which when it disperses allows the planets to
achieve shorter period orbits with low eccentricities.
6 SUMMARY AND DISCUSSION
This is the second paper in a series that examines the influence of
disc self-gravity on the evolution of gaseous circumbinary discs,
and on the evolution of planets that are embedded in those discs.
The focus of Paper I was on the evolution of the discs alone. Several
disc masses, ranging between 1–20MMSN equivalent discs, were
used to probe the evolution of disc structure throughout the life-
time of a circumbinary disc under the influence of self-gravity. The
main results to emerge from this study were that self-gravity leads
to two important effects: i) the size of the tidally truncated, eccen-
tric inner disc cavity that forms tends to be smaller for larger disc
masses as self-gravity compacts the system scale; ii) additional pre-
cessing eccentric modes emerge at large orbital radii in discs where
self-gravity is important.
In the present paper we use the end-points of the simulations
from Paper I as initial conditions for simulations that examine the
orbital evolution of embedded planets, with the binary parameters
having been chosen to correspond to the Kepler-16, -34 and -35
planet-hosting systems. Most of the simulations that we present
assume that the planet-binary mass ratio is fixed at q = 6× 10−5.
The aim of this work is to examine whether or not self-gravity can
improve the level of agreement between the migration stopping lo-
cations of planets in the simulations and their currently observed
orbital radii. In addition to examining the influence of disc mass,
we also examined how the results changed when allowing plan-
ets to accrete gas so that they reached their observed masses while
migrating, and the influence of allowing the disc mass to decrease
with time such that high-mass discs transition to become low-mass
discs after the planets have migrated to the their stopping radii. We
summarise and discuss the results for the different binary systems
below.
6.1 Kepler-16
We found that the cavity size in this case only changes significantly
when the disc mass exceeds 10MMSN. The migration of planetary
cores of fixed mass in the lower mass discs resulted in them stop-
ping close to the edge of the cavity, but with semi-major axes and
eccentricities that were too large compared to the observations (ap
∼ 1.15 au and ep ∼ 0.11 versus observed values of 0.705 au and
0.007, respectively). The stopping location, however, was found to
agree well with our previous work presented in PN13 that adopted
different boundary conditions. Migration in the 20MMSN disc re-
sulted in the planet being halted by one of the additional eccentric
features further out in the disc that acted as a planet trap, so in spite
of the disc cavity being significantly smaller in this case, the planet
was unable to reach the cavity such that it could park closer to the
central binary as required by the observations.
Allowing the planets to accrete gas so that they reach the mass
inferred from observations (this requires the mass ratio to grow
from 6× 10−5 to 3.54× 10−4) resulted in much better agreement
with observations for the low mass discs. Here, the planet grows in
excess of the gap forming mass, and this allows it to push deeper
into the tidally truncated cavity. Furthermore, the growth of the
planet causes the eccentricity of the central cavity (and the other
eccentric features) to diminish significantly, and this leads to the ec-
centricity of the planet orbits reducing significantly. For the lowest
mass disc we obtain ap=0.78 au and ep=0.03, which agrees rather
well with the observed values for Kepler-16b, giving us confidence
that the formation and evolution scenario that we are exploring in
this work is probably the correct one. The evolution of the accret-
ing planets in the higher-mass 10MMSN and 20MMSN discs did not
result in such good agreement with observations. Here, the plan-
ets have their eccentricities excited by the eccentric disc modes to
values that cause them to interact more strongly with the central
binary, leading to a sequence of scattering events that send them
out into the disc and then back again over the full run times of the
simulations.
Finally, allowing the disc mass to decrease for the heavy
10MMSN and 20MMSN discs, while keeping the planet-binary mass
ratio = 6× 10−5 caused the planets to end up orbiting closer to the
star than when the disc masses were at their initial values. In par-
ticular, the reduction in disc mass causes the additional eccentric
features in the disc to dissipate, and this allows the planet in the
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20MMSN case to migrate inwards. The level of agreement with ob-
servations in these cases, however, is not as good as that obtained
by allowing the planet masses to increase to their observed values.
We conclude that for the Kepler-16 system, self-gravity of the disc
does not provide a positive contribution to obtaining agreement be-
tween observations and theoretical predictions.
6.2 Kepler-34
The binary system in Kepler-34 has an eccentric orbit, and this
leads to the formation of a wide and highly eccentric cavity when
the disc mass is low. For large disc masses, however, self-gravity
causes the disc cavity to shrink substantially, and this has a strong
influence on the orbital evolution of embedded planets.
In the low mass discs the planets migrate inwards and stop
at the edge of the cavity, which is too far from the binary for the
stopping location to agree with the observations (ap∼ 1.8 au and
ep∼ 0.28 versus the observed values 1.09 au and 0.182, respec-
tively). In the high mass cases, however, we find that the additional
eccentric features that form in the disc are somewhat weaker than
in the Kepler-16 run described above, and consequently the plan-
ets can normally migrate all the way to the central cavity in these
cases. We find that the semi-major axes and eccentricities of the
planets in the 10MMSN and 20MMSN discs straddle the observed
values for Kepler-34b, indicating that self-gravity in this case pro-
vides the possibility of obtaining much better agreement with the
observations.
Switching on gas accretion makes very little difference to the
results of these simulations because the final mass of Kepler-34b is
only 60% larger than the initial mass that we start with. Allowing
the disc mass to decrease inevitably leads to the cavity sizes of the
most massive discs increasing as the influence of self-gravity is di-
minished. Interestingly, however, we find that the presence of the
planet prevents the cavity from relaxing to the size expected for a
lower mass disc, and instead the amount of expansion observed is
relatively modest. (The time to establish the approximately steady
state cavity configuration, in the absence of planets, is typically
∼ 3500 binary orbits. We have run our simulations for longer than
this to ensure that we have achieved a quasi-steady state.) Although
the planets in these more massive discs no longer show such good
agreement with observations once the disc mass has diminished,
they provide much better agreement than those planets that form
and migrate in low mass discs. This leads us to conclude that
self-gravity can have a positive impact on obtaining agreement be-
tween simulations and the observations of Kepler-34b because of
the rather dramatic influence that it has on the cavity size, and
also because the system retains memory of its larger initial disc
mass when the mass of the disc is slowly decreased. Formation of
a planet in a heavy disc, followed by its migration and then rapid
disc removal would seem to provide one way in which agreement
with observations could be obtained for this system.
6.3 Kepler-35
As mentioned previously in this paper, the similar eccentricity of
the Kepler-16 and -35 binaries leads to very similar outcomes both
in terms of disc structure and orbital evolution. Mass growth of
Kepler-35b from the initial planet-binary mass ratio of 6 × 10−5
was not considered in this paper because the final mass is only 20%
larger than the initial mass. One consequence of this lower planet
mass is that growth to a gap forming object that can push further
into the inner cavity is difficult to invoke so that good agreement
between the simulation outcomes and the observations of Kepler-
35b can be obtained, in contrast to the situation with Kepler-16b.
The final orbital radii of Kepler-35b analogues were always too
large by a factor of 1.5 compared to the observed values. Allowing
the planet to be in the partial gap forming regime, such that it might
push deeper into the cavity, can probably only be achieved by a
significant reduction in the disc pressure scale height. Given that
the two stars in Kepler-35 are more massive and hotter than in the
Kepler-16, it is not immediately obvious why the disc should be
cooler in this case. Fitting this system using simulations therefore
remains an unsolved problem, and will require a more sophisticated
treatment of the disc thermodynamics to examine whether or not
Kepler-35b could have been in the gap forming regime when the
protoplanetary disc was present.
Assuming that the scenario we have explored in this paper,
namely that planets form at large orbital radii in circumbinary discs,
and then migrate inwards to be stopped near the cavity edge, is the
correct one, then we can use the Kepler-16, -34 and -35 systems to
constrain models of planet formation and protoplanetary disc dy-
namics. The simplicity of our models means that there is still a
large amount of work that needs to be done to achieve this goal.
In this work, gas accretion onto planets to their final masses and
disc dissipation scenarios have been carried out separately. Com-
bining the two, akin to the method in (Pierens & Nelson 2013),
in self-gravitating discs might help to fit the orbital properties of
the planets but also shed light on the era in which the planets
may have accreted their masses. Whilst disc-mass, and the in-
fluence of self-gravity can significantly alter disc structure, other
physics will also play important roles. The inclusion of an adia-
batic equation of state with radiative physics has been investigated
in circumbinary systems, along with the effect on planet migration
(Kley & Haghighipour 2014, 2015). The non-uniform, time depen-
dent, radiation field produced by the two stars, however, has not yet
been explored in combination with a more realistic thermal treat-
ment of the disc. 3D effects are also likely to be important. These
include, but are not limited to: disc warping when the disc and orbit
plane of the central binary are misaligned (Larwood & Papaloizou
1997), which can in turn lead to the development of a paramet-
ric instability in the disc that may be a source of hydrodynamic
turbulence (Ogilvie & Latter 2013); the development of eccentric
modes in the disc leading to parametric instability and hydrody-
namic turbulence (Papaloizou 2005; Barker & Ogilvie 2014); and
the formation of Spiral Wave Instabilities existing in a disc that
is tidally forced by a binary system, can lead to a parametric in-
stability and hydrodynamic turbulence (Bae et al. 2016). Equally
importantly will be the inclusion of MHD, since the underlying an-
gular momentum transport mechanism operating in circumbinary
discs is likely to be of magnetic origin (Balbus & Hawley 1991;
Bai & Stone 2013, e.g.). Simulations carried out in 3-D will allow
us to examine these and other effects. Finally, both theory and ob-
servations indicate that planets do not normally form in isolation, so
the evolution of multi-planet systems (Kley & Haghighipour 2015)
may provide better agreement with at least a subset of circumbinary
planet observations.
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